& Mathalon, 2005) were observed during auditory hallucination. 23 The studies mentioned above raise the possibility that A1's neural circuits regulating endogenous 24 inputs from other brain regions can underlie auditory hallucination. During auditory hallucination,
25
A1 activation appears abnormal: its responses to auditory stimuli are reduced, but the spontaneous 
11
Our model A1 consists of pyramidal (Pyr), fast-spiking (FS) and non-FS interneurons; non-FS 12 cells model low-threshold spiking interneurons which are known to express somatostatin; in fact, 13 we focus on superficial layers of A1 projecting auditory signals to high order auditory areas First, top-down gamma rhythms can make A1 Pyr cells fire in the pathological condition. As A1 22 outputs are independent from stimulus inputs, they make false auditory signals propagate to high 23 order cognitive/auditory areas. Second, asynchronous top-down signals targeting FS cells can 24 suppress A1 responses to the stimulus inputs. That is, FS cells can mediate corollary discharge, 25 preventing A1 from responding to self-generated sound. In the model, when the strength of 26 connections from a high order area to A1 is weakened, A1 responses to (simulated) self-generated 27 sound grow stronger. This is consistent with the hypothesis that the failure of corollary discharge 
Methods

1
We used the peer reviewed simulator named NEST (Gewaltig & Diesmann, 2007) to build a 2 network model. All neuron models and synapse models are natively supported by NEST. As shown 3 in Figure 1A , we implemented superficial layers of A1 and three external populations. Specifically,
4
A1 consisting of 400 Pyr, 70 FS and 30 non-FS cells interacts with three external populations of 5 100 Pyr cells (ovals in Figure 1A ). The ratio of cell types are based on 1) the ratio of excitatory 6 and inhibitory cells, which is 4:1, and 2) the fraction of somatostatin-positive cells, which is 30% The three external populations, each of which includes 100 cells, represent cortical areas 
18
, where f (frequency) represents the frequency of R; where A and b determine the peak firing rate 19 and baseline, respectively. The synchronous Poisson spike trains are generated by HC and SC
20
neurons with parameters listed in for details.
26
The neuronal dynamics obey Equation 2: 
12
The three cell types have different parameters listed in Table 3 . We assume that cholinergic 3.1. The effects of cholinergic modulation on gamma power generated by A1
11
We simulate the baseline (0-500 msec) and the stimulus (500-1000 msec) periods. Top-down 12 signals are projected to Pyr and FS cells in A1 (Table 4 ) during the entire simulation period (1 sec).
13
In contrast, bottom-up signals (i.e., stimulus inputs) are projected to Pyr and FS cells in A1 (Table   14 4) during the last 500 msec. That is, the two periods are different in terms of the existence of 15 stimulus-inputs.
16
To simulate 40 Hz auditory-click trains, which were used to estimate stimulus-evoked gamma for HC and SC neurons are given in Table 1 . Importantly, cholinergic modulation depolarizes non- Thus, we simulate disrupted cholinergic modulation by reducing the excitability of non-FS cells.
25
Specifically, non-FS cells receive 100 Hz Poisson spike trains in the control condition, whereas 26 those external inputs are removed in the pathological conditions (Table 3) . That is, A1 responds to bottom-up gamma rhythms rather than to top-down gamma rhythms in the 16 stimulus period. More importantly, as seen in Figure 2E , the peak power at 40 Hz is higher in the 17 control condition, which is consistent with reduced stimulus-evoked gamma rhythms (Kwon et al., Pyr and FS cells ( Figure 1A and stimulus-evoked responses may be easily recognized; that is, the signal-to-noise ratio of A1 7 responses may become higher. We further study this possibility by calculating the ratio of Figure 4B and C, respectively. Poisson spike trains are generated by HC and SC cells, respectively. We assume that the former 
Discussion
1
We utilized a computational model of A1 to elucidate the potential pathophysiology by which 2 abnormal gamma rhythms are induced in schizophrenia. Our simulation results support our 3 hypothesis that disrupted cholinergic modulation underlies the pathophysiology of schizophrenia.
4
Below we discuss the implications of our simulation results. mediating expectation or speech information penetrate perceptual system and induce hallucination.
11
This could explain why auditory hallucination often includes verbal hallucination. In addition, our 12 simulation results suggest that A1 is activated during auditory hallucination and reveals the 13 difficulty of distinguishing auditory hallucination from real stimuli in some cases; A1 activation 14 will certainly induce vivid hallucination. interactions between laminar layers, each of which generates narrowband oscillatory activity, were 25 shown to induce broadband gamma rhythms elicited by visual stimuli (Battaglia & Hansel, 2011 ).
26
That is, narrowband top-down gamma rhythms may be capable of triggering broadband rhythms rhythmic activity via lateral excitation. As multiple assemblies are stimulated, the interactions 1 among them will generate broadband rhythms via synchronous chaos. correlation. This may be attributed to the fact that subjects in the study participated in passive 7 listening tasks, in which top-down influence may not be strong. That is, top-down gamma rhythms 8 may be strong enough to enhance baseline power but too weak to induce sufficient false outputs 9 to generate auditory hallucination.
10
Interestingly, the gamma band power in the stimulus period was reported to be positively Second, in the auditory system, gamma rhythms are modulated by low-frequency rhythms such as Jiang, X., Shen, S., Cadwelll, C., Berence, P., Sinz, F., Ecker, A. S., … Tolias, A. S. (2015).
23
Principles of connectivity among morphologically defined cell types in adult neocortex. described by τ1 and τ2. gpeak and Erev are the conductance of the synapses and reversal potentials. NEST-native neuron models named "ht_neurons" (Gewaltig & Diesmann, 2007) , and non-1 specified parameters are the same as defaults values in NEST.
2 Table 4 : Connectivity. Connections are randomly generated using the following connectivity.
3
The weights are used to scale synaptic strength (Gewaltig & Diesmann, 2007 ). 
